The present paper addresses an attitude tracking control problem of a ducted fan microaerial vehicle. The proposed indirect adaptive controller can greatly reduce tracking error in the initial stage of the adaptive learning process by using an error compensation strategy and can achieve good capability to eliminate the adverse effect of measurement noises on the convergence of adjustable parameters. Moreover, the learning rate adaptation strategy is proposed to further minimize the adverse effect of large learning rates on the convergence of adjustable parameters. The experimental tests have illustrated the effectiveness of the proposed adaptive controller.
Introduction
Ducted fan microaerial vehicles (MAVs) are a kind of unmanned aerial vehicles with small sizes and compact structures, which are usually capable of low-speed flight in addition to the normal hover and vertical takeoff and landing capabilities. With both military and civilian applications, they have a great technological potential in arduous or hazardous mission like surveillance, inspection, exploration, intelligence reconnaissance, target acquisition, and signal relay [1] . Compared to a conventional configuration microunmanned helicopter (MUH) or a multirotor craft (MRC), the ducted fan MAV is a much more safe platform since its propeller is mounted inside the duct which can act as a shield that helps avoid the risk of injury. MUHs and MRCs, however, are rather dangerous due to the exposed rotor blades.
Ducted fan aerodynamics has been widely explored on the piloted aerial vehicle platforms in the mid-20th century [2] [3] [4] . For a long time, these projects were almost under stagnation because these ducted fan manned vehicles appeared to be inferior to conventional rotorcrafts in cost-effectiveness. However, with the increasing research enthusiasm on unmanned systems over the past decades, ducted fan VTOL MAVs gradually attracted great interests.
As a consequence, a series of such prototype MAVs have achieved stable flight, such as Sikorsky Cypher [5, 6] , Allied Aerospace iSTAR9 [7] , and Bertin Technologies HoverEye [8] .
Great effort has been made for ducted fan MAVs, including optimal design [9, 10] , aerodynamic modeling, system identification [11] [12] [13] , and flight control design [14] [15] [16] [17] . As for the attitude control problem of ducted fan MAVs, PID controller [18] is the most popular choice, but it heavily relies on real-time parameter adjustment according to flight conditions and therefore cannot cover the full flight envelope. A sliding mode technique is developed in [19] , which shows superior performance over classical loopshaping techniques when variations in vehicle dynamics and actuator characteristics are introduced; however, the resulting performance would be deteriorated in practical applications because of measurement noises. A backstepping method was applied to HoverEye in [8] , which can overcome the problem of gyroscopic coupling, whereas the effect of measurement noises on the resulting performance has not been systematically addressed. Spaulding et al. [20] adopted a nonlinear dynamic inversion method, which is well suited for mission and failure reconfiguration; however, it demands an accurate flight dynamic model and full state feedback.
In practice, it is very difficult to obtain accurate models because of parametric uncertainties. The image-based visual feedback scheme is designed to stabilize the system in a large domain combined with adaptive filtering strategy in [21] , which, however, achieved satisfactory performance on the basis of high performance camera and image processing capability.
Other existing methods include linear-quadratic regulator (LQR) and particle swarm optimization (PSO) [22] , robust control method [23] , neural adaptive method [24] , and fuzzy techniques [25, 26] . Although such of the aforementioned control methods are designed for ducted fan MAVs, little attention has been paid to dealing with parametric uncertainties and measurement noises. In [27] , a modified model reference adaptive control strategy considers the adverse effect of measurement noises, but it merely reduces the effect by using a combination of low-and high-pass filters and could not guarantee the convergence of adjustable parameters of the test plant.
This paper focuses on the attitude tracking control problem of a ducted fan MAV. An indirect adaptive control scheme is proposed in the presence of parametric uncertainties and measurement noises. The proposed adaptive control scheme is able to effectively reduce the tracking error in the initial stage of the adaptive learning process and eliminate the adverse effect of measurement noises on the convergence of adjustable parameters. Moreover, a learning rate adaptation strategy is proposed to further minimize the adverse effect of large learning rates on the convergence of adjustable parameters.
This paper is organized as follows. Section 2 is devoted to the description of a small-size ducted fan VTOL MAV and its attitude control problem. The indirect adaptive control scheme is formulated in Section 3 and experimental tests are presented in Section 4. The last section offers conclusions.
Ducted Fan MAV Description and the Attitude Control Problem Statement
This study is based on a small-size ducted fan VTOL MAV model shown in Figure 1 . This vehicle is propelled by a ducted fan. The attitude control is achieved by adjusting control vanes at the tail of the duct. Most of antitorque generated by the ducted fan is compensated by stators configured inside the duct while the remaining antitorque is balanced by controlling vanes. For this ducted fan MAV, six-degree-of-freedom (6-DOF) nonlinear kinematic equations can be defined as follows:
T denote the state vector and the system input vector, respectively, and Θ represents the aerodynamic parameter set, which is unavailable in most cases. The nonlinear system described by (1) has been linearized and the linearized model is given bẏ
where
T . Accordingly, x and u should satisfy the equation:
The determination of x and u is more complex in the presence of the parametric uncertainties in Θ. Therefore, we define
which are the estimates of x and u , respectively. Equation (2) can then be rewritten aṡ
where x =x − x 0 , u =û − u and e = Ae + Be . Apparently, the complexity of the control design mainly comes from the fact that A, B, e are unknown under most of flight conditions.
The goal of this study is to design a reliable and robust attitude controller for the ducted fan MAV in the presence of parametric uncertainties and measurement noises. is, vertical, longitudinal, lateral, and directional axes. Each axis can then be controlled independently with interactions with others. In particular, the longitudinal and lateral axes have the same properties because the MAV is central symmetrical. To avoid repetition, the present study is focused on the longitudinal axis in the hovering flight condition to demonstrate the proposed control scheme, which, without loss of generality, can apply to other axes. Thus, referring to (5), the linearized model of the longitudinal axis is given bẏ=̇+V
Design of the Indirect Adaptive Controller
where• ∈ Θ and is added to represent the unknown trim error.
With respect to the ducted fan MAV, there exisṫ V ,,̇,,̇≈ 0 and ≈. Thus, (6) can be simplified as̈−̇̇−̇=̇( +̃ * ) .
Herẽ * is viewed as an external disturbance and can be expressed as̃ *
The schematic block diagram of the indirect adaptive attitude tracking controller is constructed, as shown in Figure 2 , which includes a generalized plant, an adjustable system, and an error compensation module.
Unlike most existing adaptive schemes, the mathematical model is regarded as the adjustable system substituting for the generalized plant in the abovementioned adaptive control scheme. The purpose is to eliminate the adverse effect of measurement noises on the convergence of adjustable parameters, which will be discussed in detail in the following sections. The error compensation module is introduced to reduce the tracking error especially in the initial stage of the adaptive learning process, but, on the other hand, this module also decreases adaptive learning rates because of the insignificant tracking error. , the parameters of the mathematical model, are therefore chosen as a part of adjustable parameters, which together with K * are determined using an adaptive regulation strategy. , , , another part of adjustable parameters, can be determined using an indirect adaptive pole placement control algorithm on the basis of the known parameters of the mathematical model. Note that the adjustable parameter vector K * is used to remove the cross coupling among the axes. 
where 0 = −, 1 = −, 0 =̇, and ΔB * = (K * + M * )̇.
From Figure 2 , the tracking error is given by
which can be derived as
. Equation (12) indicates that the system stability can be guaranteed based on the proper choice of , and the a priori knowledge of the ducted fan MAV parameters.
The system described by (12) is therefore hyperstable if the forward path transfer function is strictly positive real, and the input and output of the nonlinear feedback block satisfy Popov's integral inequality [28] .
For this purpose, the indirect adaptive control laws are specified by , and * = diag( , , , , , ) are learning coefficients; and
where , should be properly chosen such that ( + )/( 2 +̂1 +̂0) is strictly positive real. Therefore,
The adaptive control laws given by (13) can also be regarded as an adaptive identification solution with dynamic decoupling.
According to the Aeronautical Design Standard (ADS-33) Performance Specification, we assume that the ideal model is specified by the input-output relation The output of the generalized plant can therefore track that of the ideal model based on the above adaptive strategies given by (13) and (17).
Unbiased Analysis of Adjustable Parameters. Denote
where , have zero means and are uncorrelated with each other. From (14) and (18), we have
Thus,
which indicate that the adaptive parameters determined by (13) are therefore unbiased.
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However, if the generalized plant is regarded as an adjustable system substituting for the mathematical model in Figure 2 , then the adaptive laws include terms like ⋅ and ⋅̇as many existing cases (e.g., [27] ). This means that, from (18), (19) , and (20) , adjustable parameters cannot converge to the desired values due to measurement noises.
Design of Error Compensation.
Although the indirect adaptive control strategy has been employed, the tracking error is nonnegligible during the adaptive learning process, especially in the initial stage. Referring to (12) , the tracking error can be rewritten as
2 + (̂1/̂0) + 1. Thus, the tracking error can be reduced by choosing , and adaptive learning.
Based on the a priori knowledge of the ducted fan MAV parameters, the proper choice of , can therefore guarantee the stability of the generalized plant and reduce the tracking error during the adaptive learning process, especially in the initial stage. The tracking error can be limited to a given bounded range during the whole adaptive learning process while and * remain bounded at all times. is gradually eliminated as Δ 
Improvement of the Adaptive Laws.
Note that in (13) the learning rates are related to , , ,̇, and * . In fact, , are determined by , and is determined not only by , but also by , , . Large learning rates can easily cause the parametric oscillation in the adjustable system, which negatively affect the convergence rates of adjustable parameters.
To avoid this problem, the adaptive laws need to be improved through learning rate adaptation. The learning coefficient 0 is then replaced by , and * . The proposed learning rate adaptation method can effectively restrain large learning rates.
In conclusion, the indirect adaptive control algorithm now proceeds as follows: first, adjust the adjustable parameters of the mathematical model using (13) and (21); next, update the parameters of the ideal model using (17) . The proposed strategy can effectively avoid the nonconvergence problem of the adjustable parameters caused by measurement noises and can considerably reduce the tracking error during the adaptive learning process, especially in the initial stage.
Test
In this section the performance of the proposed indirect adaptive control strategy is demonstrated by a series of numerical simulations and flight tests, shown in Figure 3 . For the ducted fan MAV, the indirect adaptive control software runs on a DSP, and the sensor units (including mechanical gyroscopes and angular rate gyroscopes) mounted on the top of the fuselage provide the measured data of the Ducted fan MAV, including the heading of the moving platform and three-axis angular rates. Of course, the sensors outputs contain measurement noises.
All flight tests begin with the trim conditions given as follows:
(1) ideal model: * learning process. The learning process of adjustable parameters quickly reaches a near-steady state, which illustrates the convergence of adjustable parameters. The noise-free tracking error * gradually reduces to zero, which explicitly shows that the proposed controller can achieve satisfactory tracking performance in the presence of measurement noises.
Flight Test.
The proposed controller is now demonstrated by using the full MAV dynamics. The performances of the controller with error compensation are shown in Figure 5 . The tracking error is reduced significantly in the initial stage of the adaptive learning process and is close to zero in the later stage. The learning process of the main adjustable parameters quickly reaches a near-steady state, which also illustrates the convergence of adjustable parameters with guaranteed tracking performance in the presence of measurement noises.
Compared with the above numerical simulation results, adjustable parameters exhibit considerable variation because the complete model with actuator dynamics and the saturation constraints on the inputs have been incorporated during the flight test. However, adjustable parameters converge fast because the significant tracking error can accelerate the adaptive learning rates. Note that the tracking performance and the convergence of adjustable parameters deteriorate if the learning rate adaptation method is not employed.
The experimental results without error compensation are shown in Figure 6 . The tracking error increases considerably in the initial stage of the adaptive learning process. However, the convergence of adjustable parameters remains unchanged, and the learning process of main adjustable parameters extends over a slightly shorter period of time. The proposed learning rate adaptation strategy can also eliminate the adverse effect of large adaptive learning rates on the convergence of adjustable parameters.
Comparison between the Proposed and Existing Adaptive
Controller. The experimental results of the existing adaptive controller without any noise reduction strategy in [27] , as shown in Figure 7 , indicate that the tracking performance deteriorates significantly during the whole learning process. Meanwhile, , , , and K * , the adjustable parameters, slowly diverge. The results also demonstrate that the existing controller lacks robustness in the presence of measurement noises, though the adaptive algorithm uses a combination of lowand high-pass filters.
Test Summary.
The experimental results show that the indirect adaptive controller effectively solves the unbiased and convergent problem of adjustable parameters caused by the measurement noises and therefore achieves satisfactory tracking performance. Figure 4 shows that the proposed controller exhibits a perfect learning behavior and eliminates the steady-state bias. By comparing the results illustrated in Figures 5, 6 , and 7, it can be concluded that the error compensation strategy can noticeably reduce the tracking error, especially in the initial stage of the adaptive learning process, and the proposed controller outperforms the existing adaptive controllers in terms of the tracking error and the convergence of adjustable parameters.
Conclusions
This paper presents the detailed design of the indirect adaptive attitude tracking controller for the ducted fan MAV. The proposed indirect adaptive controller is stable and robust and shows significant improvement in performance over the existing adaptive controllers in the presence of measurement noises. It is able to effectively reduce the tracking error in the initial stage of the adaptive learning process because of the error compensation strategy and overcome the effect of measurement noises on the convergence of adjustable parameters. Moreover, the learning rate adaptation strategy can further minimize the effect of large adaptive learning Mathematical Problems in Engineering Control matrix :
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